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Furthermore, the pathway that detects free DNA ends the molecular function or regulation of this protein, but
it is possible that the N/C sensor that activates frs ex-and the pathway that detects the N/C ratio appear to be
able to activate Chk1 synergistically (Conn et al., 2004). pression could also be linked to Chk1 activation.
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and Chk1 (grapes) are required to terminate the cleavage Chicago, Illinois 60637
cell cycle at the MBT (Sibon et al., 1999, 1997). The
results by Conn et al. raise the possibility that, at the Selected Reading
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(Grosshans et al., 2003). In haploid embryos, frs expres- Sibon, O.C., Laurencon, A., Hawley, R., and Theurkauf, W.E. (1999).
Curr. Biol. 9, 302–312.sion is delayed by one cell cycle. Nothing is known about
begun to unravel the molecular machinery of autophagy,Chewing the Fat:
contributing a framework for understanding how thisRegulating Autophagy in Drosophila process is regulated (Klionsky et al., 2003).
The induction of autophagy following nutrient starva-
tion has also been well documented in mammals, both
in cell culture and, recently, in vivo, using transgenicAutophagy is the major cellular process responsible
mice that express a fluorescent marker for autophago-for bulk cytoplasmic degradation. Two reports in this
somes (Levine and Klionsky, 2004). Multicellular organ-issue of Developmental Cell describe how both PI3
isms have also evolved to use autophagy to control
kinase and TOR signaling in Drosophila are critical for
other critical events such as cellular remodeling during
controlling autophagy in response to developmental development, programmed cell death, and the turnover
and environmental cues. of damaged organelles (Klionsky et al., 2003). Indeed,
aberrant autophagy has been implicated in aging and
Autophagy is the major mechanism by which organelles cancer. Despite this, few studies have genetically ana-
and long-lived proteins are degraded in eukaryotes. In lyzed the regulation and role of autophagy in metazoans.
this process, portions of the cytoplasm are sequestered Two studies reported in this issue begin to tackle this
in double membrane vesicles known as autophago- topic using the power of Drosophila genetics.
somes. These subsequently fuse with lysosomes, re- The larval period in Drosophila is characterized by
sulting in degradation of their cytoplasmic contents. a tremendous increase in mass with growth occurring
Studies in yeast have yielded valuable insights into the predominantly in larval-specific tissues such as the sali-
control of autophagy (Levine and Klionsky, 2004). These vary gland, gut, epidermis, musculature, and fat body.
single cells exhibit a simple lifestyle, growing when envi- This growth is driven by nutrition-dependent activation
ronmental nutrients are abundant and ceasing growth of the insulin/PI3K and TOR signaling pathways. Upon
when nutrients become limiting. Autophagy is rapidly removal of dietary protein, these pathways are inacti-
induced by nutrient starvation in yeast, providing a criti- vated and growth is shut down (Britton and Edgar, 1998;
cal means for recycling nonessential macromolecules Britton et al., 2002). By analyzing the larval fat body,
to sustain viability under suboptimal conditions. The both Scott et al. (2004) and Rusten et al. (2004) demon-
conserved nutrient-responsive TOR signaling pathway strated that this cessation of growth is accompanied by
appears to be the chief regulator of autophagy in this marked increases in autophagy. Using a combination
of electron and fluorescent microscopy, they observedcontext. Moreover, key genetic studies in yeast have
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Figure 1. TOR and PI3K Signaling Mediate
Autophagic Responses in the Fat Body of
Drosophila
Both TOR and PI3K activity suppress autoph-
agy in the fat body. In response to nutritional
status or developmental signals, inhibition of
TOR and/or PI3K activates the autophagic
machinery, which subsequently can serve to
promote metamorphosis or maintain nutri-
tional homeostasis. Another possible conse-
quence may be to protect against cellular
aging. How TOR and PI3K engage the au-
tophagic machinery remains unclear, as does
how this signaling can produce such dis-
crete outcomes.
that autophagosomes and lysosomes are rapidly as- role for autophagy in the ability of the fat body to act
as a core regulator of organism homeostasis.sembled de novo following removal of dietary protein.
Moreover, these groups showed that increased PI3K Drosophila larval tissues also exhibit marked autoph-
agy at the end of larval life. This process is developmen-and TOR signaling could cell autonomously inhibit au-
tophagy, whereas, even in the presence of abundant tally programmed and is responsible for triggering the
removal of the larval organs, such as the fat body, duringnutrients, larvae mutant for components in either signal-
ing pathway had constitutively high levels of autophagy. metamorphosis. Rusten et al. demonstrate that this au-
tophagy is responsive to ecdysone signaling. Preco-Of the 20 yeast Atg genes dedicated to autophagy, Scott
et al. identified Drosophila homologs for 11 (Klionsky et cious activation of ecdysone signaling within the fat
body early in development could induce autophagy,al., 2003). Using classic P-element mutants and RNAi,
they showed that these genes were required for starva- whereas inhibition of ecdysone blocked programmed
autophagy. Interestingly, these ecdysone effects ap-tion-induced autophagy. These data provide evidence
that the general mechanisms controlling autophagy are peared to be mediated through the regulation of PI3K
signaling. Using a marker for PI3 kinase activity, Rustenconserved from yeast to Drosophila.
One significant finding was that the larval fat body et al. showed that programmed autophagy is accompa-
nied by a reduction in PI3K activity and could be blockedwas the predominant organ that exhibited nutrient-
dependent changes in autophagy. Other organs such by constitutive expression of components of the PI3K
pathway. Furthermore, alterations in ecdysone signalingas the salivary glands and gut had constitutive, nutrition-
independent levels of autophagy. The fat body is thought inversely affected PI3K activity and, critically, the block
of autophagy seen when ecdysone was inhibited couldto function as a sensor of nutritional status that controls
organismal development and growth by secreting mito- be restored by inhibiting PI3K signaling.
These new reports point to a general role for bothgens, growth factors, and nutrients (Britton and Edgar,
1998; Colombani et al., 2003). These are essential for PI3K and TOR signaling in the control of autophagy
independent from their functions as regulators of cellsupporting the development of other tissues, such as
the nervous system and the imaginal discs, which even- growth in Drosophila (Figure 1). They also raise a number
of key questions. For example, how does TOR regulatetually form the adult structures. These two new reports
suggest that during periods of starvation, the fat body autophagy? A key finding was that the induction of au-
tophagy occurred extremely rapidly (within an hour) fol-engages autophagy to allow it to maintain adequate
haemolymph nutrient levels, which would ensure sur- lowing removal of dietary protein. Indeed, autophagy
may be one of the most immediate cellular responsesvival during unfavorable nutritional conditions. In fact,
starved larvae can remain viable for an extended period to starvation. Given the signaling pathways involved, a
plausible scenario is that inactivation of TOR kinaseand resume development upon return to favorable nutri-
tional condition (Britton et al., 2002). In this respect, the activity rapidly alters the phosphorylation of key regula-
tor(s) of autophagy. Perhaps the best-characterizedfat body acts to buffer fluctuations in nutrition. Accord-
ingly, Scott et al. demonstrated that blocking autophagy downstream target of TOR is S6 kinase, but Scott et al.
clearly show that it does not mediate TOR’s effects oneither in whole larvae or specifically within the fat body
was extremely deleterious. Autophagy-incompetent lar- autophagy. Work in yeast has implicated Atg13 as a
phosphorylation-dependent effector of TOR (Levine andvae were unable to tolerate starvation and suffered re-
duced viability when nutrient deprived. Moreover, inhib- Klionsky, 2004); however, no Atg13 homologs were iden-
tified in Drosophila. Interestingly, transcriptional induc-iting autophagy in TOR mutants led to larvae arresting
at a 6-fold smaller size. These findings suggest a critical tion of several of the Drosophila Atg homologs has been
Developmental Cell
150
reported in response to starvation (Zinke et al., 2002), Savraj S. Grewal1 and Leslie J. Saucedo1,2
1Division of Basic Sciencessuggesting that TOR may function to suppress the levels
of the autophagy machinery. Nevertheless, the identity Fred Hutchinson Cancer Research Center
1100 Fairview Avenue Northof the TOR effectors remains elusive. Similarly, it re-
mains to be determined how PI3K signaling can regulate Seattle, Washington 98109
2 Department of Biologyautophagy. Compared to the time course of autophagy
induction, starvation-induced decreases in PI3K signal- University of Puget Sound
1500 North Warner Street #1088ing occur significantly later. This suggests that PI3K may
function indirectly to control autophagy, possibly by reg- Tacoma, Washington 98416
ulating and maintaining nutrient import.
The control of autophagy by PI3K and TOR may also Selected Reading
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and C termini. Other mucins, such as MUC7, are smallerSignaling Mucins in the (S)limelight
and soluble, and occur in less viscous secretions such
as saliva. Members of a third class of mucins share the
property of being anchored in the epithelial cell mem-
brane through a classical transmembrane domain. Pro-
Mucins may be the ugly ducklings of molecular biol-
totypic mucins of this class are MUC1 and MUC4. Mu-
ogy. Their large size, repetitive nature, and unglamor-
cins play a key role in the protection and lubrication
ous biological activities have not favored their study. of vulnerable epithelial surfaces, be it as a membrane-
However, integral membrane mucins have conserved bound shield or as a secreted constituent of the overly-
intracellular C termini that may influence intracellular ing mucin gel.
signaling. In a recent issue of Genes & Development, The class of membrane mucins has long been sus-
Cullen et al. show that the C terminus of membrane pected to initiate or modulate intracellular signals (Car-
mucin-like Msb2 activates a CDC42/MAPK cascade raway et al., 2003). The prototypic members MUC1 and
to control filamentous growth of baker’s yeast. MUC4 were originally discovered as carcinoma-associ-
ated molecular markers. Typically, they are overex-
Mammalian mucins are large, highly O-glycosylated pro- pressed or differentially glycosylated by carcinomas,
teins that are secreted by a variety of epithelia (Agrawal as compared to normal epithelial tissue. Upon cloning,
et al., 1998; Carraway et al., 2003). They typically contain MUC1 and -4 were found to be expressed by a variety
large numbers of repeat regions with a high serine-threo- of simple and squamous epithelia, including the airway,
nine content. The O-glycosylation of these repeat re- eye, the gastrointestinal and female reproductive tracts
gions shapes mucins into rigid, extended conforma- and the mammary gland. In simple epithelia, the two
tions. The best-known class of mucins embodies the membrane mucins are sorted to the apical surface. Sub-
gel-forming constituents of viscous epithelial secre- sequent studies suggested that altered expression of
tions. This class is thus largely responsible for the well- the MUC genes supported tumor progression and me-
known, if not so attractive, physicochemical properties tastasis (e.g., Komatsu et al., 2001). At least in part,
of mucus. Mucins that exemplify this class are MUC2, these effects appeared to relate to the anti-adhesive
MUC5a and -b, and MUC6. Gel-forming mucins form and anti-immune recognition properties of these mucins
(Agrawal et al., 1998). However, a more active role wasextended polymers through disulfide-linkage of their N-
